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Pulsed laser ablation in liquid (PLAL) is an eco-friendly nanoparticles fabrication tech-
nique. PLAL uses laser light to ablate a solid material which is submerged in a liquid
medium. During the interaction of laser light with the solid target plasma will be
formed. In the high pressure and temperature of the plasma, nanoparticles are formed.
This thesis deals with PLAL for synthesis of vanadium oxide. Vanadium oxide
refers  to  an  inorganic  compound with  general  formula  of  VnO2n+1. There are approxi-
mately 15-20 stable vanadium oxides. Out of these, eight oxides show reversible phase
transition from a semi-conducting phase to a metallic phase at a critical temperature
(Tc). The range of temperatures where the transition occurs is between -147℃ to 375℃.
The Tc for most commonly used vanadium oxides are 68 ℃ (VO2), -105 ℃ (V2O3) and
+375 ℃ (V2O5).
The phase transition is accompanied by a change in crystal structure, optical and
electrical properties. These temperature dependent changes have applications in optics
and electronics.
The aim of the thesis is to investigate possible methods to synthesis vanadium
oxides  by  PLAL.  Fabrication  of  less  thermodynamically  stable  oxides  (such  as  VO2,
V2O3) demands careful control of the process parameters. Special attention is devoted
for fabrication of VO2 because of its Tc is near to room temperature. It can be used for
window coatings, opto-electronic memories, and switches.
In the experiments, pure vanadium (99.8%) metal-target is ablated by a high
repetition rate fiber laser in a liquid medium. The liquid has a significant influence on
the reactivity and stability of the particles and great care was taken in the selection of
liquid during the experiments. Different liquids such as acetone, ethanol, methanol, wa-
ter, pyridine, acetonitrile, stabilizer Sodium Dodecyl Sulfate (SDS) and as oxidizing
agent hydrogen peroxide are used.
This thesis work has produced V2O5.nH2O gel and it  was converted to VO2 by
annealing in vacuum chamber. Fibers like nanoparticles of VOX were synthesized by
PLAL in acetone-water mixture and acetonitrile-acidified water mixtures. Pure vanadi-
um nanoparticles were produced in polar aprotic solvents (acetone, pyridine and ace-
tonitrile). The synthesized products were characterized by Scanning Electron Microsco-
py (SEM), Transmission Electron Microscopy (TEM), Optical Spectroscopy and Raman
Spectrometry.
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1INTRODUCTION
Functional metallic oxides have drawn the attention of numerous researchers, especially
for designing of materials such as sensing, energy storage, optics and electronics [1].
Controlling functional metallic oxides dimensions (size and shape) at nanoscale allows
tailoring of material properties. For instance, the band gap of semiconductor quantum
dots depends on size. Nanoparticles within size range of 1-100 nm exhibit noticeable
size dependent properties. Harnessing size dependent properties of material is the foun-
dation of nanotechnology [2].
VO2 is categorized as a functional metallic oxide. It exhibits a phase transition
from the semiconductor to the metal phase at a critical temperature, which is approxi-
mately 68	℃. The phase transition occurs because of the lattice structure changes. The
structure of VO2 at a temperature below the critical value is monoclinic exhibiting sem-
iconductor properties and above the critical value, the structure transforms to Rutile
crystal lattice which has metallic properties [3]. These structural changes are also ob-
served as change in optical and electrical properties. Subsequently, these phenomena
can be tailored and integrated to design various products and for applications such as,
electrical or optical switch [4], optical storage [5], erasable optical data recording [6],
and thermal sensors [7].
Various  nanoforms  of  VO2 (nanoparticles, nanobelts, nanowires) are produced
by different mechanisms, for instance, from ammonium metavanadate precursor using
hydrothermal method it is possible to synthesize metastable vanadium dioxide nanobelts
[8]. Size controlled vanadium dioxide nanocrystals can be synthesized in a fused silica
matrix using thermal annealing method [9]. Well faceted VO2 nanowires with rectangu-
lar cross sections are synthesized by vapour transport method using VO2 powder as pre-
cursor [10].
VO2 thin film coatings can be achieved by various techniques, such as chemical
vapour deposition, sol-gel synthesis, sputter deposition and pulsed laser deposition [11].
However, the conventional synthesis methods (mechanical milling and chemical) are
economically expensive, technically complex, challenging to control size and products
qualities.
PLAL for the production of VO2 have not been reported despite some attempt to
produce vanadate nanoparitlces by Bezerra et al. [12]. Pulsed laser ablation in liquid
(PLAL) is a technique which uses a high intensity laser pulse to irradiate solid material
target submerged in a liquid medium. After irradiation, plasma with high temperature
and pressure is released. The plasma then interacts with the liquid. The interaction of
plasma with liquid interface causes oxidation.
2PLAL method offers certain benefits to control the size of the nanoparticles by
varying wavelength, laser pulse duration, irradiation of nanoparticle colloid and chang-
ing solvent type [13]. PLAL method is an environmentally friendly process, offering a
wide range of benefits over conventional synthesis. PLAL generates nanoparticles at
room temperature, it is considered a one-step synthesis method, nanoparticles synthe-
sized by this technique have extensive morphologies, dimension and phases, it produce
chemically clean products, it offers a low cost experimental technique and provides a
high pressure and high temperature confinement which allows formation of unique
products. Furthermore, PLAL enables fabrication of particles from various solid state
precursors such as metals, alloys, oxides, carbides and hydroxides [14], [15].
The main aim of this thesis is to investigate synthesis methods for VO2 nanopar-
ticles by PLAL. For this purpose, 99.8 % pure vanadium (V) metal-target submerged in
liquid is ablated by a high frequency fiber laser (λ ≈ 1060	nm, pulse width 20 ps, repe-
tition rate one MHz). To achieve the synthesis of vanadium oxide different liquids have
been used. The selection of liquids was performed cautiously to avoid unwanted reac-
tions due to high reactivity of vanadium. The liquids used in the experiment are acetone,
alcohol, acetonenitrile, pyridine, 2-propanol, methanol, hydrogen peroxide and water.
SDS (Sodium dodecyl sulphate) was used as a surfactant.
This thesis is divided into two main parts. The theoretical part deals with the
background information which is relevant to the experimental work, topics include va-
nadium’s physical and chemical properties, pulsed laser ablation, characterization tech-
niques. Under the properties of vanadium oxides, different oxide structures are briefly
presented. Understanding the different oxide structures is vital since most of the proper-
ties, characterization and applications depend on the structure. The second part deals
with experimental findings.
31. THEORETICAL PART
1.1 Laser Ablation in Liquid
Laser is light amplification by stimulated emission of radiation. An ideal laser produces
coherent, monochromatic electromagnetic radiation with a wavelength from ultraviolet
to infrared. Laser ablation is defined as the process of removing materials from a solid
surface by laser irradiation. “Ablation” is derived from a Latin word “ablatio” which
means removal [16].For the first time in 1987, Patil and his associates used pulsed laser
ablation in liquid (PLAL) to produce metastable iron oxide [16]. During PLAL a high
power laser beam is focused on to the surface of a solid target which is submerged in a
liquid medium. The interaction of the laser with the target causes vaporization of mate-
rials  in  the  form of  plasma plume;  which  constitutes  of  atoms,  ions  and  clusters.  The
high temperature plasma plume expands by exerting pressure on the liquid interface.
The expansion is confined by the surrounding liquid leading to the formation of cavita-
tion bubble. As a consequence, a state of higher pressure, higher temperature, and high-
er density confinement will be created. The temperature of the plasma plume formed
during PLAL is estimated between 4,000-6,000 K and pressure can be around 10 GPa
[17-19].
During PLAL, the main reaction initiated can be classified in two phases: laser
induced ablation plasma plume and plasma induced plasma plume. Plasma induced
plasma plume is created by further laser induced plasma plume (i.e liquid turned into
plasma plume by plasma). During laser induced plasma plume and plasma induced
plasma plume, there will be a reaction of the ablated particles at high temperature and
pressure. The reaction occurs between the particles of the ablated target and the liquid
interface. This distinctive reaction environment is expected as an ultimate condition for
discovering unique materials [18], [19]. In this stage, meta-stable compounds could be
formed [18] , [20].
As shown in Figure 1.1, after the cavitation bubble reached the threshold it will
collapse. Consequently, a shockwave will be released to the ambient liquid which can
create secondary cavitation bubbles. Based on the explanation by Sasaki et al. the sec-
ondary cavitation bubbles sometimes might not disappear depending on the laser pa-
rameter used [21]. Thus, the formation of bubbles and shockwaves cause a change in the
refractive index, leading to refraction of the laser beam which decreases the efficiency
of the ablation process [22].
4Figure 1.1   Schematic diagram showing progress of irradiation by PLAL (a) laser in-
teraction with the target (b) development of plasma (c) cavitation bubble comprising
condensation of vapours (d) cavitation bubble quenching (figure modified from [23])
Sasaki et al. [21] have studied the growth dynamics of nanoparticles during
PLAL. In the experiment, images of PLAL have been taken by measuring the amount of
scattered laser light as shown in Figure 1.2. Based on the image, after 7 μs of the ablat-
ing laser pulse, scattered light is observed indicating nanoparticles in the cavitation
bubble. The strongest scattering from the nanoparticles is observed at the interface of
the cavitation bubble and the liquid which suggest the particles grow at the interface
[21]. After the cavitation bubble collapses, the particles disperse as colloids.
Figure 1.2  In situ detection of scattering laser light by nanoparticles (a) expansion of
the cavitiation bubble (b) nanoparticles escaping the cavitation bubble. (c) high density
nanoparticles before the collapse of the cavitation bubble. (d) Secondary cavitation
bubble created by the collapse of the principal cavitation bubble with higher concentra-
tion of nanoparticles [21].
51.1.1 Colloids Stability
Colloids  are  solutions  of  particles  with  size  range  from  2  nm  to1000  nm.  The
particles in the colloid may collide to form an aggregate. Aggregation and precipitation
effect depends on the zeta (ζ) potential. Zeta potential is a potential difference created
when a nanoparticle attracts particles with an opposite charge, forming a thin layer of
ions as shown in Figure 1.3. The ions closer to the charged particle form strong attrac-
tion Stren layer which move with the particle. The second layer, slipping plane, formed
by ions attracted by the coulomb force does not move with the particle. The potential
difference at the interface between the bulk liquid and the slipping plane is called ζ-
potential [24].
Figure 1.3 Schematic diagram showing charge distribution around a particle with sur-
face charge [25]
Stability of colloids can be predicted by analysing the  ζ- potential. For ζ- poten-
tial ∓(0-5) mV particles tend to agglomerate, ∓ (5-20) mV particles are minimally sta-
ble, ∓(20-40) mV particles are moderately stable. Higher stability colloids found within
ζ potential greater than +40 mV or less than -40 mV [26], [24].
ζ -  potential  can  be  manipulated  by  adjusting  the  pH of  the  solution  or  adding
ionic particles such as salts. Furthermore, addition of surfactants (surface active agents)
which adsorb to the surface of the particles will modify the charging phenomena [27].
The pH value at which the net charge of the particles is neutralized is called iso-
electric point. At this point, the colloid suspension will precipitate. To measure the zeta
potential, the most commonly used method is electrophoresis. Electrophoresis is based
on electrophoretic mobility and it also used as a coating technique. More detailed expla-
nation of the use of electrophoresis for deposition is discussed under the chapter 1.3
(Electrophoretic Deposition).
61.1.2 PLAL Experimental Setup
Instrumental arrangements for PLAL differ based on the experiment. Calvo [28] has
classified the fundamental arrangements into three categories as shown in Figure 1.4. In
these arrangements a laser is focused onto a solid material, which is submerged in a
liquid. As Calvo has suggested, focusing laser at the free surface of the liquid is advan-
tageous to reduce reflection [28].
Figure 1.4  (a) The solid target placed at the bottom of a beaker or cuvette. (b) The sol-
id target suspended in vertical direction (c) Arrangement for ablating rod or wire tar-
get,(The figure is slightly modified from [28]).
The schematic diagram in Figure 1.4 (a) shows the simplest setup with the target
placed at the bottom of a container. To prevent crater formation, either the sample or the
laser should move (for instance, in horizontal direction or circular direction). The ar-
rangement shown in Figure 1.4 (a) is the least applicable method due to its lowest yield.
This is due to the highest effect of bubbles diffracting laser beam, and laser focusing is
affected by the ablated particles. To reduce laser beam scattering by the bubbles and
increase production rate a constant liquid motion is advisable. Much higher performance
is achieved by creating an arrangement of flowing liquid, for instance using magnetic
stirring as shown in Figure 1.5. Barcikowski et al. [29] have reported femtosecond laser
ablation of silver with the same laser parameters in stationary and flowing liquids. The
results showed production rate increase for the flowing liquid by four times compared to
the stationary liquid. In addition, reproducibility of the experiment was improved [29].
The schematic diagram in Figure 1.4 (b) shows arrangement used for this thesis.
In this arrangement the target is suspended vertically while the laser beam is rastered
horizontally.
Figure 1.5  Specially constructed stirred chamber. Figure copy righted and reprinted
from [29], with kind permission from AIP publishing LLC
71.1.3 Influence of the Laser Parameters
Lasers used in PLAL have wavelength in the visible or the near infrared region of the
spectrum. The main criterion for the selection of the laser wavelength is based on the
transparency of the solvent. According to Yang and Guowel [30], various laser sources
can be used, such as Nd:YAG laser, Cu vapor laser, and Ti: sapphire laser. To ensure
peak laser power the laser is focused on the target.
During laser irradiation of a solid metal target, energy is absorbed by free elec-
trons. The energy is transferred by relaxation to the lattice, this thermal relaxation oc-
curs predominantly at the laser spot. Transfer of energy from electrons to the lattice
occurs rapidly in the order of few picoseconds. When the energy absorbed from the la-
ser  pulse  is  above  the  ablation  threshold  it  will  cause  plasma [22],  [32-34].  Based  on
calculation made by Shafeev [31], the temperature inside the spot can be estimated as
shown in eq. 1.
	T ≈
୅୊
ୡ஡୦
	                                                                       (1)
Where A is absorption (A= 1-R), R is the reflectivity coefficient, c is the heat capacity,
ρ is the density, h is the heat diffusion length and F is the fluence (energy per area). As
can be seen from the eq. 1, the temperature is directly proportional to the fluence. Fur-
ther quantitative analysis made by Shafeev suggests increasing the duration of the pulse
leads to increased laser heating depth [31].
The ablation mechanism in PLAL differs based on fluence, solid material prop-
erties, pulse repetition rate and pulse duration. The laser pulse duration ranges typically
from hundreds of femtosecond to nanoseconds. Ablation of material by nanosecond
pulses is mainly a thermal process. This is because of the longer pulse duration; the
transfer of energy from the electrons to the lattice occurs during the laser pulse duration.
The electrons and the lattice are in thermal equilibrium. Thus, the lattice has time to
react to the pulse by heat conduction, melting, evaporation and plasma formation. How-
ever, in case of ultra-short laser pulses (picosecond and femtosecond) the laser pulse
duration (TL) is shorter than the lattice heating time (Ti) (Ti>TL); the electrons and the
lattice are not in thermal equilibrium. In ultra-short laser pulse, plasma plume occurs
after the laser pulse as shown in Figure 1.6 [22], [33-34].
Figure 1.6 Schematic diagram of ultrashort laser pulses. Figure slightly modified, copy
righted and reprinted from [35], with kind permission from physics procedia.
8By keeping the same fluence and changing laser pulse duration, it is possible to
influence the size distribution of nanoparticles. To improve uniformity of the size distri-
bution, preferred laser pulses are within the range of nanoseconds. Nanosecond laser
pulse has the tendency to coexist with the ablated materials for relatively long time. The
extended time helps part of laser energy to further evaporate melted particles to plasma
plume [36].
For producing more nanoparticles irrespective of the size distribution, a higher
picosecond laser power produces more particles than femtosecond laser power. Alt-
hough, in terms of efficiency the femtosecond laser ablation is 20 % more efficient than
picosecond laser ablation. Barcikowski et al. [31] have observed the productivity of Ag
nanoparticles with picosecond pulse laser is higher than femtosecond laser. Production
rate for the picosecond laser was 3.4 times higher than for the femtosecond laser; for the
same pulse fluence. For commercial production of Ag nanoparticles a 6 Watt picosec-
ond laser can generate 34 mg/h while a femtosecond laser with 3 Watt average power
can produce 6 mg/h.1 [31].
Increasing the pulse repetition rate increases the rate of nanoparticle generation
considering each pulse generates nanoparticles with the help of a fast scanning of the
laser beam. Pulse repetition rate (pulse repetition frequency) is the number of emitted
pulses per second. A linear correlation between ablation rate and production occur with-
in the pulse repetition rate lower than 103-104 Hz [36]. However, at higher pulse repeti-
tions rate cavitation bubbles reduce laser efficiency due to scattering, since previously
created cavitation bubbles from earlier pulse remain covering the target [31], [36].
In PLAL higher pulse energy increase the rate of ablation; considering the abla-
tion mechanism remains the same. Increase in pulse energy result different process to
take place at the same time; for instance, melting, boiling or photoionization. Increasing
ablated materials concentration at higher pulse energy lead to formation of large nano-
particles. The higher the pulse energy, the more non-uniform size distribution will be
formed as a result of multiple processes taking place at the same time [36].
1.1.4 Oxide Nanoparticles Synthesized by PLAL
This topic deals with a brief review of metallic oxides synthesised by PLAL. Most stud-
ies of PLAL deals with noble metal nanoparticles. Some studies have also been done on
metal oxides. Metallic oxide of hollow nanoparticles, nanocubes, nanospheres have
been synthesised for metals such as Cu, Co, Zn, Ti, Ce, W, In and Al as summarized in
Table 1.1.
During metallic oxides synthesis various methods can be used to control size,
morphology and reactivity. For instance, as T. Sasaki et al. [37] have demonstrated size
of metallic oxide nanoparticles can be decreased by using sodium dodecyl sulfate (SDS:
C12H25SO4Na). Addition of SDS aids to synthesis TiO2 and SnO2 nanoparticles within
1 these results suggest the extrapolation estimation is nonlinear
9size range of 2 to 6 nm [37]. Surfactants which attach to the metallic oxide surface pre-
vent particles growth. Furthermore, surfactant such as lauryldimethylaminoacetic acid
betaine has also shown to affect photoluminescence of ZnO (no luminescence in the
presence of the surfactant) [42].
Morphology of metallic oxide nanoparticle is also affected by the laser energy.
According to Kebede et al. [38], increasing the ablation energy in preparation of iron
oxide leads to production of triangular nanoparticles instead of the spherical nanoparti-
cles [38].
Table 1.1. Metallic oxides synthesized by laser ablation in liquid [39-44]
Target Liquid Volume ratio Product
Mg n-hexane:ethanol 1:0, 5:1,0:1 Mg/O 2MNPs/3HNPs/4NCs
Cu Water:ethanol 5:1 Cu/O HNPs
Co
Co
Water:ethanol
Water
10:1 Co/O HNPs
Co3O4/ nanoparticles
Fe Water:ethanol 5:2 Core/hollow shell 5NSs
Zn
Zn
Zn
Zn
Zn
Water:ethanol
H2O+ 3%H2O2
water  +6LDA, Water +
7OCM
Water, Water +SDS
Water + 8SAS
1:10, 1:8, 1:6 Core/shell NSs
ZnO2/nanoparticles
ZnO/nanoparticles
Zn+ ZnO/ nanoparticles
ߚ-Zn(OH)2/layered nanocompo-
site
Ti
Ti
Water:ethanol
Water, water +SDS
1:3, 1:5 Core/shell NSs
TiO2/amorphous, anatase
Sn Water
Water+SDS 1 x 10-2M SDS
Sn+ SnO2/ nanoparticles
 SnO2 /nanoparticles
W Water WO3
In Water In2O3
Al
         Al
Water
 Water + NaOH 0.05M-1M NaOH
Al(OH)2, AlOOH/ amorphour
Mixture of ߚ-NaAlO2 and ߛ-
Al2O3
Mg Water, water+SDS Mg(OH)2/ Tubular and spindle
Ga Water+ 9CTAB GaOOH
Mn Water Mn3O4
Sb Water Sb2O3 nanoparticles
Ni Water+SDS 0.5M SDS NiO nanoparticles
2 MNPs - Mg nanoparticles,
3 HNPs  -  Hollow nanoparticles
4 NCs    -  nanocubes
5 NSS    -  nanospheres
6 LDA    -  Lauryl dimethylaminoacetic acid betaine
7 OCM  - Octaethylene glycol monododecyl ether
8 SAS    -  Sodium alkyl sulfates
9 CTAB - Cetyltrimethylammonium bromide
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1.1.5 Advantages and Disadvantages of PLAL
PLAL offers various advantages; first it is an environmentally friendly method. Since
nanoparticles generated by PLAL are kept in the solvent. Thus, airborne particles from
PLAL are not an issue for work safety. Second, nanoparticles are generated in the sol-
vent which simplifies further processing. Moreover, presence of properly selected sol-
vent inhibits agglomeration of the particles. Agglomeration is challenging for methods
that lead to production of dry nanopowders. Third, the process generates pure nanopar-
ticles, which are free from impurities or toxic elements. Pure nanoparticles are generat-
ed when the solvent is free from any additives (such as stabilizers, acids, bases, oxidiz-
ing agents). Thus, the pure products might be used for instance, for demanding medical
applications [45]. Fourth, the size of the particles could be adjusted by varying the laser
parameter and liquid type. For instance, by reducing laser wavelength it is possible to
decrease particles size. That is femtosecond laser pulses generate smaller particles than
nanosecond laser [46]. In addition, size of particles could also be controlled by applying
an external pressure as Soliman et al. [47] have demonstrated for size control during the
synthesis of ZnO. However, size control is more practical and precise in chemical
methods than in PLAL. Fifth, PLAL offers technical simplicity with low running costs.
Sixth, the particles generated by PLAL usually have a positively charged surface. This
charged surface could be used for functionalization of particles. For instance, the posi-
tive charge could be conjugated with electron donating compounds. This conjugation
could be efficiently performed between nanoparticles and biomolecules. The nanoparti-
cle-biomolecule conjugate could be used for biomedical application such as bio-
imaging, drug targeting, and for quantitative intracellular detection [23], [45].
While considering shortcoming of PLAL, initial laser equipment might be ex-
pensive and production rate is relatively low, in the order of mg/h. In order to increase
the scale of production some working parameters might be adjusted such as ablation
time, laser irradiance, repetition rate and liquid parameters (surface tension, viscosity)
[36].
1.2 Vanadium
Vanadium was discovered for the first time in Mexico in 1801 by Andres Manuel del
Rio. However, it was considered contaminated chromium; thus the discovery was ig-
nored. Afterward, it was then rediscovered by a Swedish Chemist Nils Gabriel
Seftström in 1830. He named the element after the Norse goddess Vanadis, which rep-
resents beauty and fertility due to vanadium’s colourful compounds. In 1867, the first
pure vanadium metal was produced by reducing vanadium chloride with hydrogen [48].
Vanadium is a transition metal of group V of the periodic table, which consists of Nio-
bium (Nb) and Tantalum (Ta). It is silver-grey metal found in various minerals such as
carnotite and vanadinite. It has atomic number of 23 with electron configuration of [Ar]
3d34s2,  atomic  weight  50.9415,  it  has  two  isotopes 50 V  and 51V. In nature, the most
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abundant isotope is 51V (at around 99.8%). 50 V  is slightly radioactive with a half-life of
6x1015 years. Within the group, vanadium is the least electropositive element with
stronger metal-metal bonding, resulting in high melting point (1915 ℃) and boiling
point (3350 ℃ ). Compared to other transition metals such as iron (or steel), it is consid-
ered as a harder metal (but not brittle), ductile and malleable [49], [50].
Vanadium exists in nature along with other elements (K, Ca, Mg, Pb, Al, P, Cl,
Fe,  Si  and  Mn)  in  54  different  ores,  for  example  Vanadinit  Pb5[VO4]3Cl, Roscoelite
(KV2(OH)2/AlSi3O16), Descloizite (Pb(Zn,CU)[OH/VO4], Montroseite ([V,Fe]OOH)
[51], [52].
Purification of vanadium is challenging because of the diverse impurities. Some
of the methods used are calcium reduction, thermal decomposition, solvent extraction
and electrolytic refining. For instance since 1900s, a purification method by reduction
reaction between vanadium pentoxide and calcium metal is used [51], [52].
Figure 1.7  Pb5[VO4]3Cl (Vanadinit) ore of vanadium consisting of Pb and Cl as impuri-
ties [53]
Vanadium resists reaction with alkalis, sulfuric acids and hydrochloric acids.
Complete oxidation of vanadium by air is only achieved at elevated temperature; around
933 K (660 ℃). At temperature below 250 ℃ vanadium is unreactive. Though, the sur-
face might oxidize showing visible colour change from bluish grey to brownish black.
Vanadium initiates oxidation in air above 300 ℃ and absorbs hydrogen into the lattice
sites until 500 ℃ . At higher temperature, it will react with other elements. For instance,
above 800 ℃  it reacts with nitrogen and carbon to form vanadium nitrides, and carbides
(800-1000 ℃) [51-54].
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As shown in Figure 1.8, vanadium is used in various forms, for instance it is
added  in  steel  as  an  alloy  to  increase  strength,  resistance  to  corrosion  and  as  sample
holder for neutron diffraction. The first vanadium steel alloy was manufactured in 1903
in England. In 1905 Henry Ford used vanadium steel alloy for car manufacturing. Thus,
he could reduce the car’s weight by 50 % [51-54] In the future, vanadium can be used
for green technologies such as in batteries for electric cars.
Figure 1.8  The primary application of vanadium is for strengthening steel and titanium
alloys. In the future it can be used for rechargeable batteries. Figure is slightly adapted
from [55]
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1.2.1 Vanadium Oxide Properties
Oxidized vanadium has resistance to dilute sulfuric acid, hydrochloric acid and phos-
phoric acid. Though, lower resistance/dissolves in nitric acid and hydrofluoric acids.
Vanadium oxides resist sodium hydroxide to a certain extent (about 10 %). Whereas, it
will react with hot potassium hydroxide [52], [54]. The wide variety oxidation states of
vanadium leads to a wide range of oxides. Oxides of vanadium exhibit a complex stoi-
chiometric composition. For instance, vanadium can exist as a mixed oxidation state
such  as  +5  and  +4  coexist  in  V6O13; mixed oxidation of +4 and +3 are observed in
V8O15,V7O13,V6O11.  Stable vanadium oxides are in the range of 15-20. About 8 of va-
nadium oxides  show a  reversible  phase  transition;  these  oxides  are  V2O3, VO2,  V3O5,
V4O7,  V5O9,  V6O11,  V2O5 and  V6O13 [56]. Concerning this thesis the most interesting
oxides are VO2 and V2O5.
Oxides of vanadium are used as catalysts. V2O5 for instance, is used as an indus-
trial catalyst for the production of sulfuric acid during conversion of SO2 to SO3 by con-
tact process. V2O5 has replaced expensive platinum catalyst which was previously used
for oxidation. Consequently, it has reduced the cost of sulfuric acid production. Fur-
thermore, V2O5 is known for its catalytic oxidation of organic compounds in the pres-
ence of air or hydrogen peroxide, it acts as a catalyst for reduction of alkenes (olefins)
by hydrogen [52], [54].
V2O5 exhibits amphoteric property which is slightly soluble in water (0.1-
0.8g/100 cm3)  [57].  In  acidic  solutions,  it  will  dissolve  to  form  yellow  [VO2]+ ions
while in basic solution, it will form colourless VO43- ions. Similarly, VO2 is amphoteric
oxide, which dissolves in reducing acids forming blue [VO]2+, whereas in basic solu-
tion, it develops [V4O9]2- ion with characteristic colour of yellow to brown. If the solu-
tion basicity (pH) increased further, then [V4O9]2- is converted into [VO4]4-. Whereas,
V2O3 is basic oxide, it is soluble in acidic aqueous solutions [52].
V2O5 displays electrochromic properties with varying colour from blue to green
and yellow within two seconds upon charging/discharging. Electrochromic materials
change their optical properties reversibly during electrochemical reactions. These mate-
rials are used for smart windows, display devices and controlled reflectance mirrors
[58]. The working mechanism of electrochromic materials consists of electrolyte, inter-
calated mobile ions which performs intercalation/deintercalation while a potential dif-
ference is applied. For this purpose, layered structure of V2O5 is a promising material
[59].
All oxidation states of vanadium (+2 to +5) can exist in aqueous solution. Oxi-
dation state of +4 and +5 create VO2+ ions by interacting with water and liberating H+
ions; turning the solution acidic. In aqueous solution, different oxidation states can be
recognized from the colour of the solution as shown in Table 1.2. The most familiar
oxidation states of vanadium are +2 (violet), +3 (green), +4 (blue) and +5 (yellow). As
the oxidation state increases, the compound becomes an oxidizing agent. Lower oxida-
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tion states are reducing agents. For instance, +5 is an oxidizing agent and +2 is a reduc-
ing agent [52], [60].
Table 1.2. The most common oxides of vanadium colour and critical transition tem-
perature [61-64]
Compound Colour of the
compound
Transition
temperature
Ion Colour
of the
Ion
Oxidation
state
V2O5 Orange Yellow +375℃ VO3-/ VO2+ Yellow +5
VO2 Dark blue +67℃ VO2+ Blue +4
V2O3 Black -105℃ V3+ Green +3
VO Grey -147℃ V2+ Violet +2
Colour of the aqueous solutions of vanadium oxide is pH dependent. If V2O5 is
dissolved in an aqueous solution containing base, like NaOH, then the colour of the so-
lution change to colourless. However, colour might be visible after the solution pH
gradually decreases to acidic solution. The colourless solution gradually become slight-
ly light yellow then it will change to orange colour. During these transformations, or-
ange colour gradually turn to red indicate charge neutrality point. The colour further
darkens and at pH two precipitate of V2O5 formed. If the pH is decreased further, then
the particles dissolve again producing a pale yellow solution. Thus,  transformations of
V2O5 to colourless implies formation of VO43- and the final pale yellow colour is due to
the formation of VO2+ ions [52].
1.2.2 Structures of Vanadium Oxides
Vanadium forms various morphologies with different coordination arrangements. The
most common coordination arrangements are: tetrahedral (VO4), trigonal bipyramids or
square bipyramids (VO5), distorted and regular octahedrons (VO6) [65].
Figure 1.9. Common vanadium oxide coordination structures (the centre atom repre-
sent vanadium) (a) Tetrahedron, (b) Square pyramid, (c) Octahedron
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Frequent oxides coordination of 4, 5 and 6 are displayed in Figure 1.9. Tetrahe-
dral coordination is a preferred arrangement for +5 oxidation state [65].
According to Elisa et al. [66], there are two bulk structures α-V2O5 and γ-V2O5.
The structure of α-V2O5 has an orthorhombic layered structure. Pyramid structural ar-
rangement builds with five oxygen atoms surrounding one V atom. The edge corners of
the pyramids are shared along the chain as shown in Figure 1.10. The oxygen atoms
have different coordination depending on the position. There are three possible oxygen
positions: the first position is the oxygen acting as a link between two vanadium atoms;
the second is between the layers as a bridge and the third oxygen position is situated in
three coordination sites. The oxygen between the layers exerts a weak Van der Waals
force to bind layers, which is easily detachable [66].
Figure 1.10 ߙ-V2O5 structure where V atoms are represented by larger ball and O at-
oms by the red small balls. The letters a, b, c represents the orthorhombic unit cell. The
oxygen in between the layers is responsible for the weak Van der Waals force which
binds the layers together. Figure copyrighted and reprinted from [66], with kind per-
mission from Prof. Elsebeth Schröder and the American physical society.
The structure of vanadium pentoxide (V2O5) exhibits intercalation layered struc-
ture. As a result, it offers a possibility of reversible intercalations of different atoms,
molecules or ions. The interlayer separation of V2O5 changes depending the size and
shape of the intercalated particles [67].
One of the applications of V2O5 is as an electrode for lithium batteries cathode
materials. For this application, Li - ion intercalated as shown in eq. 2 [67].
V2O5 + xLi+ + xe- ↔ LixV2O5                                                                         (2)
The state of V2O5 for Li battery can be crystalline, xerogel or aerogel (V2O5.nH2O). Li
ion intercalated V2O5 is used to reduce the cost, simplifies the synthesis method, and to
improve the energy density [68]. More information regarding the use and properties of
V2O5 for lithium ion batteries are explained by Staley [68].
The structure of VO2 is discussed in section 1.2.6 (Semiconductor to metal phase
transition of VO2).
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1.2.3 Xerogels
Xerogels (V2O5.nH2O) are usually observed in an aqueous solution as a red gel during
the synthesis of V2O5 with oxide coordination as shown in the molecular structure of
Figure 1.11. The ribbon like xerogels usually have 1 μm length and 10 nm diameter.
According to atomic pair distribution functional study by Valeri et al. [69], xerogel
structures show different structure than V2O5. Xerogel is constructed through layer pil-
ing up of V2O5 in the c-axis of monoclinic unit cell as shown in Figure 1.12. Though, no
regular order on the stacking arrangement [69]. Different researchers have proposed
various possible structures. Because of the lack of crystal properties, the atomic struc-
ture is challenging to predict [70].
Figure 1.11 V2O5.nH2O gels
V2O5.nH2O shows various properties such as magnetic field alignment, gel elas-
ticity, redox and intercalation properties. These properties can be used in various appli-
cations, for instance in a photographic industry, in batteries and in electrochromic dis-
plays. Xerogels are stable forms of amorphous and crystalline V2O5 in an aqueous solu-
tion [71].
Figure 1.12 Ribbon like xerogel structures from pair distribution function technique
study, green indicate the water molecule. Figure copyrighted and reprinted from [69],
with kind permission from American Chemical Society.
Water content in V2O5.nH2O affects the conductivity and electrochemical phe-
nomena. It is easy to remove water molecules by thermal annealing, thus conductivity
increase with few significant alternation on morphology. As Barbosa et al [72] reported
the complete removal of water occurs at a temperature of 600 °∁. Based on the report,
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progressive annealing of xerogel V2O5. 2.1 H2O in air at temperature of 150 ℃, 270 ℃,
600 ℃ for 15 min result V2O5. 1.1 H2O, V2O5.0.32 H2O and V2O5 respectively [72].
1.2.4 Vanadium in Aqueous Solution
In aqueous solutions, the composition of vanadium solute and ions can be altered either
by adjusting the concentration or Ph as shown in Figure 1.13. Aqueous chemistry of
vanadium has been studied by different scholars from the perspective of biological mol-
ecule [73], [74]. This topic briefly discusses the interaction of vanadium in an aqueous
solution excluding the biological aspect. The discussion will focus on the oxidation
states of +3, +4 and +5.
Oxidation state of +5 is called vanadate. Vanadate at around neutral pH will ex-
ist mostly as a mono anion (H2VO41-). The lower oxidation states +2 and +3 are found
as conjugate of water molecules [V(H2O)6]2+ and [V(H2O)6]3+ respectively. As the oxi-
dation number increased, the water ligands around V metal gradual release hydrogen
ions [74].
[V(H2O)6]3+ ⇌ [V(H2O)5(OH)]2+ + H+(aq)     pKa = 3.5
Depending on the oxidation state and pH; proton donation of water-vanadium
complex might be in equilibrium or irreversible reaction. In case of acidic solution, for
instance the +4 and +5 oxidation state will be irreversible (stable). This high stability of
oxycations in concentrated acidic solution is achieved by liberation of protons from aq-
ua complexions [74].
Irreversible »                  [V(H2O)6]4+ → [VO(H2O)5]2+ + 2H+(aq)
Irreversible »                  [V(H2O)6]5+ → [VO2(H2O)4]1+ +4H+(aq)
Figure 1.13 The various stages of vanadium solute and ions in aqueous solutions de-
pending on the concentration and pH. Figure copyrighted and reprinted from [75], with
kind permission from Materials an open access journal.
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The aqueous interaction further complicated by instability of the oxidation state.
For example, in neutral and basic pH, vanadate acts as an oxidizing agent reducing to
+4 or +3 state. However, air oxidation restores vanadate, unless it is stabilized by lig-
and. [74].
In aqueous solution, the increment in acidity from de-protonation of water mole-
cules from [V(OH2)n]5+ is summarized as follows [75]:
[V(OH2)6]5+ +hH2O → [V(OH)h(OH2)6-h](5-h)+ + hH3O+
As the value of h increases vanadium ligands with aqua change to hydroxo and
then oxo-species. The state of equilibrium is achieved when the average electronegativi-
ty of the hydrolyzed vanadium precursors (χp = [V(OH)h(OH2)6-h](5-h)+)  equals  to  the
electronegativity of the aqueous solution. In the equilibrium region protons are delocal-
ized uniformly over the hydrogen bonds. Thus, the electronegativity of pure water and
hydronium ion is neutralized [75].
If the concentration of vanadium is high enough, two possible condensations
paths arise (olation and oxolation). These condensations, olation and oxolation, occur by
merging vanadium cations (V+) with the hydroxide groups (OH-). In terms of kinetics,
olation is faster than oxolation because there are more water ligands than hydroxide.
Thus, precipitation of vanadium pentoxide (V2O5) can be achieved at a point of zero
charge.  Approximately,  around  Ph  ≈ 2  from  the  condensation  of  [VO(OH)3(OH2)2]
[75].
                   -V-OH + -V-OH2 → -V-OH-V- + H2O                     (Olation)
                   -V-OH + HO-V- → -V-O-V- + H2O                         (Oxolation)
V2O5 precipitates as red brown gelatinous hydrated vanadium pentoxide
V2O5.250H2O around pH 2. Above pH 2, it will form a complex of polyvanadate with
yellow color. In basic solution at around pH 10, a colorless metavanadate (VO3-) anion
formed. If V2O5 is dissolved in basic solution it will create VO2+ complex again [76].
Figure 1.14 Vanadium aqueous molecular structures
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A computer simulation made by Chernenko et al. [77] suggest some procedures
for synthesis VO2 in a supersaturated solution. To produce vanadium products as less
soluble particles, it is advisable to use additional highly soluble components such as a
base or an acid. The chemical composition selected for the analysis was aqueous solu-
tion of V2O5 in the presence of sulphuric acid (H2SO4) and sodium hydroxide (NaOH).
These chemicals were selected based on the fact that V2O5 is slightly soluble in water
(0.07 g/100 g of H2O at 25 ℃), whereas VO2 is insoluble [77].
Thus, the analysis aims at understanding the Gibbs isobaric-isothermic potential
of minimum value. The temperature and pressure are kept at normal atmospheric condi-
tion. The prepared aqueous solutions for both V-O-H-S and V-O-H-Na consist of tetra-
valent ions (VO2+) and pentavalent ions (VO43-, H2VO4-,VO2+ and others). The signifi-
cant differences between the two solutions are the vanadium components. Pentavalent
vanadium is abundant in the V-O-H-S solution, for instance V2O5, H3VO4,VO2+, VO43-,
HVO42- as shown in Figure 1.15 [77].
Figure 1.15 Composition of V-O-H-S concentration vs pH [77]
The V-O-H-Na solution  consists  of  17  phases:  V2O5,NaOH, Na2V2O6,  H3VO4,
VO2, O2,H2, H2VO4-, HVO42-, VOOH+,VON2+,VOH+, VO+,VO2+,VO43-,Na+ as shown in
Figure 1.16. Based on this simulation the VO2 phase is present indicating synthesis of
VO2 in aqueous solution may be possible [77].
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Figure 1.16 Composition of V-O-H-Na concentration vs pH [77]
The computer simulations suggest that VO2 phase is stable in the solution at pH
range from 6 to 11, the highest concentration is found at pH 7.9. Furthermore, the model
suggests the particles are found in amorphous form. Further heat treatment is required
for crystallization. In addition, dependence of VO2 on temperature and pressure has also
been suggested. That is, in the temperature range from 20 to 100 ℃ the concentration of
vanadium dioxide increased as the temperature was raised and VO2 productions remains
constant within a pressure range of 0.1 to 10 MPa [77].
1.2.5 Reduction of V2O5 to VO2
Phase analysis of vanadium oxides by Andersson [64] has revealed eleven discrete ox-
ides phases from VO to V2O5; as shown in Appendix 1. The oxides phases from V2O3 to
VO2 are Magnȇli phases (VnO2n-1). These phases exist in equilibrium as shown in eq. 3.
The existence of mixed phases complicate the production and characterization of vana-
dium oxide. Their critical temperature are V3O5 (157 ℃), V4O7 (-23 ℃), V5O9 (-138 ℃),
V6O11 (-103 ℃), V7O11 (metallic), V8O15 (-203 ℃) and V9O17 (unknown) [78],[64].
            VnO2n-1⇌V2O3+(n-2)VO2               where 3≤n≤9                                     (3)
At normal temperature and pressure V2O5 is thermodynamically the most stable
oxide. V2O5 can be reduced to lower oxidation state such as VO2, V2O3 or V using re-
ducing agents such as H2, CO or oxalic acid. Pure V metal can be recovered from V2O5
by reducing it with Ca or Mg at a high temperature [79].
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Table 1.3 Methods for thermal reduction of V2O5 to VO2 thin films
Annealing material Annealing parameter  Remark
V2O5 + NH3 and N2 flow rate –NH3
(5ml/min)
-N2 (110 ml/min)
for 1 hour at 526 ℃ [80]
V2O5 + H2 T= 200 ℃ for 16 hours [81]
V2O5+ H2+N2 T= (400-500)	℃, 5 %
H2:95 % N2
for 3-6 hours [82]
V2O5 + H2O2 T= 750 ℃ in Vacuum
(1.2 x 10-4 pa)
for 2 hours, reported lower transi-
tion temperature Tc = 62.5 ℃
[83]
V2O5 + CO+CO2 T= 779	℃ 50 % CO,50
% CO2
for 30 min, O2 partial pressure
4x10-20 atm.10 [84]
As  summarized  in  Table  1.3,  VO2 can be synthesized from V2O5 by reduction
using agents such as H2, CO, NH3. However, the reduction of higher oxides to a lower
oxide has some drawbacks such as increased porosity and surface inhomogeneities due
to oxygen escape. As illustrated in Table 1.3, the methods used are for thin films only.
Transformation of thin films of V2O5 to VO2 is based on the creation of stability condi-
tions by adjusting the temperature and pressure. The stability conditions can be deduced
from the Ellingham diagram of vanadium oxides phase as shown in Figure 1.17. As
shown at a particular temperature it is possible to change the phase equilibrium from
one form to another [9].
Figure 1.17  Ellingham diagram for vanadium oxide phases, excluding other complex
oxides. Figure copyrighted and reprinted from [9], with kind permission from AIP Pub-
lishing LLC.
10 atm = atmospheric pressure (ATM)
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V2O5 reduction can also be performed by oxalic acid as shown by chemical Eq.
(3) [85], [86].
         V2O5+C2H2O4 ⇌ 2VO2 + 2CO2 +H2O                                                       (3)
In the synthesis of VO2 in a liquid phase, it will be helpful to consider vanadi-
um-oxygen partial pressure graph made by Macchesney et al. [84]. As presented in Fig-
ure 1.18, the partial pressure of oxygen in liquid phase for solid phase synthesis (VO2,
VO2.17) is separated by the solid line. The dot lines represent estimation of possible ad-
ditional oxides phases. Based on Figure 1.18, it is possible to synthesize (precipitate
VO2) from the liquid phase by controlling the temperature or pressure [84]. A good ex-
ample is a hydrothermal synthesis method of VO2 [8], [87-90].
Figure 1.18  Partial pressure vs temperature graph for VO2 equilibrium phases [84]
1.2.6 Semiconductor to Metal Phase Transition of VO2
Eight vanadium oxides exhibit a reversible metal to semiconductor transition. The tran-
sition is caused by a reversible change in the lattice structural. The same phenomenon is
also observed in various transition metal oxides such as Ti2O3, Fe3O4 and  Mo9O26. In
many materials the reversible phase transition can also be triggered by an intense light
beam, high electric field or by high pressure. A strong electric field or an incident light
beam will trigger a change in the electron density. As the electron density achieves a
certain level, the semiconductor phase changes to the metallic phase. According to
Crunteanu et al. [91] the phase transition induced by temperature is much slower than
phase transition induced by an electric field or a light beam [91], [92].
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The metal to semiconductor transition in VO2 was first  discovered by Morin in
1959. Since then, VO2 has gained attention of various researchers, because its transition
temperature is relatively close to the room temperature at 68 ℃ [92]. This characteristic
phase transformation particularly in VO2 and V2O3 (TC= -105 ℃) has many applications
for thermally activated optical switching devices [93], [94].
VO2 phase transition temperature can be lowered by doping with element such
as Nb, Mo, Ti, Ta, Ru and W. For instance, phase transition at room temperature can be
achieved by doping with 5% W6+ [95]. As Manning et al. [96] have reported, doping
VO2 with W lower the transition temperature to 42 ℃ .C.S. Blackman et al. have stated
thermochromic properties of VO2 is tunable between 55 ℃ to -23 ℃ [97]. During dop-
ing VO2 by Mo a transition temperature of 24 ℃ has  been  achieved  as  Hanlon  et  al.
have reported [98]. The observed lower transition temperature while doping with high-
valent transition metals is due to higher conductivity in the semiconductor state, since
the dopant increase the charge carriers. Whereas, doping VO2 with elements with low-
valent such as Cu, Cr, Ge,Ga, Al and Fe increases the transition temperature. There are
some drawbacks related to doping, for instance the doping will decrease the transmit-
tance and lower the transmittance difference between the two states [98]. However, this
is not always the case; Mlyuka el at. [99] have reported Mg doping increase the trans-
mittance of the visible light.
Figure 1.19  (a) Conductance of VO2 vs temperature, showing the effect of Mo doping
percent on the phase transition temperature. The dopant (Mo) narrowed the hysteresis
loop from 10 ℃ for undoped to approximately 1℃ for the doped (7%Mo) (b) The tran-
sition temperature vs dopant percentage level. Figure copyrighted and reprinted from
[98], with kind permission from Elsevier.
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The structure of VO2 in the semiconducting state (at a lower temperature) is
monoclinic and in the metallic state (at a higher temperature) it is tetragonal (Rutile) as
shown in Figure 1.20. Figure 1.20 (a) shows, the rutile lattice structure of vanadium is
arranged in tetragonal body centered unit cell surrounded by six oxygen atoms. The
oxygen atoms are arranged in a deformed octahedron. At temperatures below Tc the
monoclinic structure is constructed by a combination of two unit cells. The vanadium -
vanadium metallic bond is dimerized along the axis. The unit cell enclosing the vanadi-
um dimer is a slanted tetragonal, resulting in a monoclinic unit cell. This slanting causes
the octahedron structure of oxygen to be distorted as well [100].
Figure 1.20  Lattice structure of VO2 (a) Rutile structure above the critical temperature,
(b) Monoclinic structure below the critical temperature, exhibiting dimerization of the
V-V bonding and zigzag alignment in the vertical direction. Figure copyrighted and
reprinted from [101], with kind permission from John Wiley and Sons.
The structural slanting and Columbic interactions are considered the main reason
for the semiconductor to metal phase change [100]. The electronic structure of VO2 is a
combination of orbitals of the vanadium atom ([Ar] 4s23d5) and the two oxygen atoms
(1s22s22p4).  The four electrons from V4+ will  fill  the two oxygen atomic orbitals;  with
only one electron remain in V4+ ion.  This  electron  will  occupy  the  d  orbital  near  the
Fermi level (3d˶). The 2p electrons of oxygen have no contribution to the electrical
conductivity. Since, the electron orbital is well below the Fermi level. The d orbitals of
the vanadium ions split into lower energy t2g and e୥஢ orbitals. e୥஢ Orbital remains unoc-
cupied due to its higher energy state while the t2g orbital is further split into bonding
(a1g) and antibonding (e୥஠)  orbitals.  Then,  one  electron  of  V4+ will  occupy  a1g orbital.
Therefore, based on the arrangement of V-V and oxygen the band gap of a1g and e୥஠ dif-
fers [102].
The zig zag alignments, of V-V bonding, in monoclinic lattice structure, occur in
c-axis direction. This alignment also affects the octahedral structure of oxygen to slant.
These rearrangements raise the energy of the e୥஠ orbital higher, thus monoclinic behaves
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as a semiconductor. In the rutile structure the a1g orbital is aligned towards the c-axis
leading to metallic behavior [102]. The reversible phase transition is further explained
thermodynamically in section 1.2.7 (Thermodynamics of the Phase Transition).
Figure 1.21  (a) Monoclinic structure with wider band gap of a1g andࢋࢍ࣊ (b) Rutile
structure which behaves as a metal (the figure slightly modified from [103])
1.2.7 Thermodynamics of the Phase Transition
The phase transition in VO2 is driven by the reduction of total free energy of a system.
As shown in Figure 1.22, the free energy of the metal and semiconductor phases follows
different free energy paths. At the critical temperature, the two forms equilibrium at the
intersection of the curves (Gmetal and Gsmi). The lower energy path of the free energy for
the system is represented by dot lines in the figure [3].
G= H-TS                                                             (4)
Where G is the total free energy, H is the enthalpy and S is the entropy
Figure 1.22  The free energy of the VO2 system drives the transition from Gmetal (methal
phase) to Gsemi (semiconductor phase ), figure slightly modified from [3])
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At critical temperature (TC) the conductivity of VO2 changes by 4-5 orders of
magnitude. That is the conduction band gap is more than ܭܶܿ at a temperature less than
ܶܿ the material act as an insulator. The electron concentration in the metallic phase is in
the order of 1021 cm-3 (i.e typical of metal). Therefore, at a temperature greater than Tc
the oxide acts as a conductor due to increase in electron density (band gap less than
KTc). During the temperature increment, there will be excitation of electrons resulting
in the exponential increment of resistivity (increment of electron density), which then
leads to metallic phase [104], [105].
Furthermore, based on John Rozen [106] explanation, the synthesis of VO2 usu-
ally introduces impurities, making VO2 n-type semiconductor. Conductivity ( ߪ)  is  di-
rectly proportional to electron concentration [106].
ો = ܖܙૄܖ                                                                                                (5)
Where n= electrons concentration, ݍ= charge of electron, μ= carrier mobility
The exponential relation of temperature and electron concentration is derived as follows
                                 n(T) = ۼ܋܍ܠܘ ቀ
۳܎ି۳܋
۹܂
ቁ                                                                              (6)
Where ௖ܰ =	effective density, ܧ௙= energy of the Fermi level, ܧ௖= lowest energy of the
conduction band and K= is the Boltzmann constant. Therefore, the conductivity is ex-
pressed by replacing energy of the band gap with activation energy Eୟ and introducing
pre-exponential factor σ଴
ો(܂) = 	 ો૙܍ܠܘ	(− ۳܉۹܂)                                                                                 (7)
The transition of electrons are also explained by models such Peierls transition
and Mott-Hubbard transition. However, none of these models completely explained the
phenomena observed in the phase change. Several studies have been done to understand
the conductivity change, but there is no unifying explanation. The two widely presented
explanation the Peierls mechanisms, which describes structural vanadium-vanadium
dimerization or separation and the Mott Hubard transition, which describes an electron-
electron interaction lack to describe the phenomena [106], [107].
Similarly, the transition affects the optical properties of the oxide. Especially,
near infrared region transmittance of metallic phase is less than semiconductor phase.
This is due to the absorption of wavelength greater than 600 nm by the metallic phase.
The monoclinic phase is transparent in infrared, radio and microwave frequencies. This
optical transmittance change caused by temperature change can be used in “smart win-
dows” such as cars and building [106], [108].
1.3 Electrophoretic Deposition
Electrophoretic deposition (EPD) is a solvent based process for deposition of particles
by a direct current (DC) between electrodes. Electrophoretic deposition differs from
electroplating. Electroplating is a deposition mechanism of ions by reduction in conduc-
tive solvent. EPD is used for suspended particles in a low conductivity solvent; usually
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organic solvent. EPD was discovered by Ruess, a Russian scientist, in 1808. Since then,
EPD has gained popularity for its numerous advantages such as for its low cost, fast
production rate, suitability for coating of objects of various shapes. The drawback of
EPD, it is not used in water based solvent due to the dissociation of water into oxygen
and hydrogen by the applied electric current. These gases and presence of ions will ad-
versely affect the coating quality. The main mechanism of EPD is mobility of charged
particles under the influence of an electric field. Hence, depending on which electrode
the deposition occurs, EPD can be classified as cathodic EPD or anodic EPD [109].
Figure	 1.23	 	 EPD	 schematic 	 diagram	 (a) 	 Anodic 	 type	 EPD	 (b) 	 Cathodic 	
type	EPD	
1.3.1 Factors influencing EPD
EPD is influenced by the properties of the solvent, the suspended particles in the sol-
vent, electrical conductivity of the electrodes and the applied electric field. These pa-
rameters are quantitatively expressed by Hamaker’s law and Avgustinik’s law as shown
in eq. 4 and 5 respectively. The Hamaker’s law determines the deposited mass (m) in
terms of the electrophoretic mobility µ, the strength of the electric field (E), the elec-
trode surface area (a), the concentration of the particles (C). Avgustinik’s law estimates
the mass from the length of electrode (l), the permittivity of the solvent (ε), the zeta
potential of the particles (ζ), the deposition time (t), the radius of the electrodes r1, and
r2 and the viscosity of the solvent (η) [109].
ܕ = ∫ ૄ ∙ ۳ ∙ ܉ ∙ ۱ ∙ ܌ܜܜ૛ܜ૚    (Hamaker’s law)                                                                (4)
ܕ = ܔ∙۳∙ઽ∙ા∙۱∙ܜ
૜ ܔܖ൫࢘૚ ࢘૛ൗ ൯∙િ
    (Avgustinik’s law)                                                                       (5)
As quantitatively expressed by Hamaker’s and Avgustinik’s laws there are nu-
merous factors which influence EPD. Those related to the particles, those related to the
solvent and those related to working condition. The variables can be categorized in
groups for instance factors related to the particles are conductivity, zeta potential, and
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stability of the suspension. Factors related to the experimental setup are deposition time,
applied voltage, concentration, conductivity and shape of the electrodes [109].
High quality EPD can be achieved if the particles are dispersed uniformly
throughout the liquid. The dispersion of particles improves as their size decreases, since
larger particles have a tendency to sediment. Thus, depositions can be thicker at the bot-
tom and thinner at the top of the electrode. Furthermore, during drying deposition of
larger particles tend to crack more than those made from smaller particles [109].
Extremely high stability of the suspension due to intermolecular attraction be-
tween the liquid and the particles can lead to less mobility of particles which restricts
deposition. To some extent the suspension has to be less stable in the vicinity of the
electrodes. To determine condition for deposition zeta potential or electrophoretic mo-
bility helps. For instance, dense deposition is achieved when the particles have high zeta
potential. Better deposition and rate is achieved by increasing zeta potential, for instance
by varying the pH of the solution. However, additive which influence the zeta potential
can also change the conductivity of the solution. If conductivity is high particles mobili-
ty is less, and if conductivity is less then particles sediment losing charge. Therefore,
non-aqueous liquids with low dielectric constant, low viscosity and low conductivity are
preferred [109].
Other factors which affect EPD are related to the working parameters. Increasing
applied voltage or shortening the distance of the electrodes increases the electric field
and will increase deposited amount. However, better quality is achieved at moderate
electric fields (25-100 V/cm). A high electric fields (>100 V/cm) leads to a high deposi-
tion rates and often leads to non-uniform deposition. Furthermore, higher electric fields
may generate turbulence in the suspension which will  affect  the quality of the deposi-
tion. During constant electric fields, a longer time parameter will decrease deposition.
That is, initially the deposition increases linearly but during a long process it will de-
crease. This is because of electrode insulation (coated) as deposition progress [109].
The conductivity of the electrode is also critical for both the deposition rate and
the quality. For example, a less conductive electrode result non-uniform deposition and
slow rate of deposition [109].
1.4 Characterization Techniques
This topic deals with the main characterization techniques used in this thesis, namely
scanning electron microscopy (SEM), Transmission electron microscopy (TEM), optical
spectroscopy and Raman spectroscopy.
1.4.1 Scanning Electron Microscopy (SEM)
The word microscope is derived from the Greek words mikros (small) and skopeo (look
at). A microscope is used to see objects that are too small to be seen by the naked eye.
Human eye can see objects with a resolution of approximately 0.1 mm at a distance of
25 cm, whereas the best optical microscopes have a resolution of 200 nm. Resolution is
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defined as the minimum distance at which two objects can be distinguished. Optical
microscope resolution has been improved to electron microscope by replacing light
source with high energy electron beam. The resolution that can be achieved by electron
microscopes is 0.05 nm for TEM and less than 0.5 nm for SEM [110], [111].
SEM technique produce data of topographic images and compositional infor-
mation during interaction of electron beam with the specimen. The interaction produce
back scattered, Auger and secondary electrons as shown in Figure 1.24 [111]. The most
commonly used signals in SEM are back scattered and secondary electrons.
Figure 1.24  Signals produced by interaction of the electron beam with the specimen
consist of secondary electrons (SE), back scattered electrons (BSE), Auger electrons, x-
rays and cathodoluminescence(CL).
Back scattered electrons originate from the beam and they are elastically scat-
tered from the sample. The backscattered electrons signal differ based on beam energy,
atomic number and density. As atomic number and density increase the scattering also
increase. Thus, during backscattering images areas with higher atomic number elements
appear brighter and smaller atomic number elements as darker areas. Therefore,
backscattering imaging is useful for estimating the compositional distribution. The
backscattered electrons signal depends also on the roughness of the surface [111].
Secondary electrons (SE) are produced by the incident electron beam colliding
with the electrons of the atoms of the sample. Secondary electrons have typically low
energy below 50 ev. As a result, only electrons from the top surface from the thickness
of 5 nm escape while electrons from deeper depth do not have enough energy to escape.
This makes SE surface sensitive. To generate signal, SE will be attracted by the detector
(Evehart Thornley detector). Then, it will be converted to a photon by a scintillator.
Next, the photon signal will be amplified by a photomultiplier and after amplification
photon will be converted back to electrons. The electrons current (as signal) is used to
form images contrast on the screen. Stronger signals produce bright areas and weaker
signals form darker areas in the images [110-112].
For an SEM analysis a sample must be conductive. Insulator samples are coated
by carbon or a metal using either ion sputtering or vacuum evaporation technique. Coat-
30
ing by a conductive layer prevents charging of the sample, minimize thermal damage
and enhance the SE electrons signals [112] .
1.4.2 Transmission Electron Microscopy (TEM)
Transmission electron microscope (TEM) is a vital instrument for characterization of
nanomaterials. Similar to SEM, TEM uses an electron beam for the characterization. In
TEM a very thin sample is used which is partially transparent to the electron beam. The
transmitted electrons are used for imaging. In terms of magnification and resolution
TEM is superior to SEM. SEM is helpful for capturing a three dimensional image with
better depth of field. TEM images are two dimensional and the whole image is taken at
one time [113], [114].
Sample preparation for TEM can be challenging for thick solid materials to
make them electron transparent. Sample preparations include grinding, polishing and
milling. For instance, at a voltage of 170 kV a thickness below 60 nm is needed. In
some special cases (for nanoparticles insolvents) simple spreading and drying of the
solvent on a thin holey carbon support film is sufficient [113], [114].
In TEM secondary backscattered electrons can also be used. However, the spa-
tial resolution is much better for the transmitted electrons. Transmitted electron detec-
tors are classified as bright field or dark field detectors. In bright field detector, trans-
mitted beam and holes create bright images while in dark field detectors transmitted
beam and holes create dark images. These detectors provide complementary infor-
mation [114].
1.4.3 Optical Spectroscopy
Electromagnetic radiation used for optical spectroscopy consists of ultraviolet (UV, 200
nm- 400 nm), Visible (VIS, 400-780 nm) and near infrared (NIR, 780-2500 nm) wave-
length regions. When an electromagnetic wave interacts with matter, some of the energy
is reflected back, some is transmitted and some scattered. This interaction of light with
matter is used to study properties of matter, for instance composition [115].
Figure 1.25  (a) Bands of the electromagnetic spectrum (figure slightly modified from
[115])(b)UV-Vis spectra vs absorption coefficient of CdS nanoparticles with increasing
nanoparticles size from a-h (a=6.4Å, b=7.2Å,c=8Å, d= 9.3Å,e=11.6 Å, f=19.4Å,
g=28Å, h=48Å)( figure slightly modified from [116])
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Optical absorption spectroscopy compares intensity difference between incidents
(Io) and transmitted (I) light by using the Beer-Lambert law. Based on the Beer-Lambert
law, transmittance T, molar absorptivity ε, optical path length L, concentration C, are
related as shown in eq. (6-8). Usually, the absorption is plotted as a function of the
wavelength [115].
ࡵ = ࡵࡻ܍ܠܘ	(−ࢿ࡯ࡸ)                             (8)
ࢀ = ࡵ
ࡵࡻ
= ܍ܠܘ	(−ࢿ࡯ࡸ)                        (7)
࡭ = ࢒࢕ࢍ
ࡵ࢕
ࡵ
= ࢿ࡯ࡸ                              (9)
Optical spectroscopy can be used to determine color of the materials, photolu-
minescence, photovoltaic, photocatalytic and photoelectrochemical properties [115]. As
shown in Figure 1.25 (b) UV-Vis absorption spectra can also be used to monitor nano-
particles relative size changes. The absorption peak as can be seen in Figure 1.25 (b)
blue shifted for smaller nanoparticles.
1.4.4 Raman Spectroscopy
Raman spectroscopy is used to study vibrational, rotational and low frequency modes of
a system based on Raman scattering of monochromatic light; such as laser. Some of the
laser sources used are Ar+ (351-514.5 nm), Kr+(337.4-676.4 nm) and Nd-YAG laser
(1,064 nm). In Raman spectroscopy sample irradiation by monochromatic light cause
scattering of light as Rayleigh scattering, this is intense elastic scattering. Very few pho-
tons, approximately in the range of one in a million, of the incident beam (VO) scatters
inelastically with a Raman shifted wavelength [117-119].
Figure 1.26  Raman and Rayleigh scattering
Raman Effect is a shift in frequency (∆V) which takes place during excitation of
a molecule and de-excitation as shown in the Figure 1.26. The shift in frequency occurs
because of energy difference between the initial excitation and the final de-excitation
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state. The Raman frequency may increase (ݒ௢ + ݒ௠) which is called an anti-Stokes shift
or when it decrease (ݒ௢ − ݒ௠) is called a Stokes shift. In Rayleigh scattering the excited
molecule after relaxation return back to the initial level without a shift in frequency of
light. Raman shifts provide information about the sample. Typically the interesting Ra-
man shifts are observed in the wavenumber range from 102-104 [117-119].
Figure 1.27  CCl4 Raman spectrum, the highest signal represent Rayleigh and the least
intense signal represent anti Stokes shifts. The intensity of the Stokes shifts is higher
than anti-Stokes shifts. Figure copyrighted and reprinted from [117], with kind permis-
sion from Elsevier.
Rayleigh scattering is about 99.999 % of the incident beam, which have no sig-
nificant information for characterization. Thus, to improve Raman signal (ݒ௢ ± ݒ௠),
which is 0.001 % of the incident beam, a unique filtration techniques such as notch fil-
ters, tunable filters, laser stop apertures, double and triple spectrometric techniques are
used [118].
Approaches based on filters are limited to detection of Raman shifts larger than
100 cm-1. Double and triple spectrometers can be used to detect Raman shifts as low as
3-5 cm-1. Typical Raman spectroscopy constitutes of the following major instrumental
parts the laser, wavelength selector (filter, spectrophotometer), detector (photodiode
array, CCD, PMT). Simple single grating based Raman monochromator schematic dia-
gram is shown in Figure 1.28 [118].
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Figure 1.28 Schematic diagram of single grating based Raman system. The scattered
light incident on RF (Rayleigh filter) to separate Rayleigh scattering, G(grating), M1 and
M2 are spherical mirrors, AD( array detector). The figure is slightly modified from [120].
The weak Raman signals require high sensitivity detection systems and careful
optimization of the optical setup. Further, fluorescences from impurities also pose chal-
lenge which might sometimes dominate the Raman signal. In addition, metals are not
Raman active. In spite of these drawbacks, Raman offers various advantages. For ex-
ample, solid and liquid samples can be characterized, there is no unique sample prepara-
tion, it is a nondestructive method, it can be used to characterize a small volume (less
than one µm in diameter), and measurement is fast. A Raman spectrum is a fingerprint
of the sample that can be easily compared with a standard, which simplify characteriza-
tion process [121].
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2. EXPERIMENTAL PART
This chapter discusses techniques used in the PLAL experiments for fabricating vanadi-
um oxide and metallic vanadium nanoparticles. The experimental part is divided into
sections based on the solvent used. Each section contains the description of methods,
results of the experiments and discussion of the results.
The experiment was carried out using a high repetition rate fiber laser (λ≈1060
nm, pulse width 20 ps, repetition rate 1MHz, average power of 1.1 W, peak power 55
KW,  FWHM  of  the  focused  beam ≈ 15  µm).  The  ablation  was  carried  out  in  3.5  ml
acrylic cuvette or quartz cuvette based on the liquid type. The acrylic cuvette was used
only for water and water + SDS.
In the experiments, due to high reactivity of vanadium different liquids were
used; liquids such as acetone, mixture of acetone and H2O, acetonitrile, ethanol, de-
ionized water (DI water), mixture of DI- water and SDS, methanol, hydrogen peroxide
and 2-propanol. To measure liquids volume mechanical pipette or a syringe is used.
Vanadium target used in the experiments was 99.8 % pure.
The experimental setup is similar to the arrangement discussed in the theoretical
section, as shown in Figure 1.1 b. In this experiment, the target is suspended using a
plate holder as shown in Figure 2.1, which will be fixed on adjustable cuvette holder.
Figure 2.2 shows a schematic diagram of PLAL setup used in the experiments.
Figure 2.1 Target holder, which is used to hang the vanadium plate inside the cuvette.
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During ablation the laser beam is scanned over the target with a 2D mirror scan-
ner to minimize crater formation and to reduce overlap of laser pulses. The scanning
speed was 2 m/s.
Figure 2.2 Schematic diagram of PLAL set up used in the experiment
2.1 PLAL for Production of Vanadium Nanoparticles
Synthesis of less noble transition metallic nanoparticles which are stable in a solvent for
a long period of time is challenging for many techniques; for example chemical synthe-
sis method. The chemical method uses stabilizers to protect the particles from agglom-
eration and unwanted reactions. In addition, the chemical method uses a combination of
different chemicals to achieve the production of desired nanoparticles. The various
chemicals increase the amount of impurities in the nanoparticles as reporter by Miyachi
et al. [122].
This experimental section presents a one-step synthesis of vanadium nanoparti-
cles by PLAL. Depending on the solvent the produced nanoparticles are stable from
weeks to months. To investigating the relative stability of the nanoparticles the follow-
ing solvents were used: acetone, acetonitrile, pyridine, ethanol, 2-propanol and DI water
(with SDS as a stabilizer). PLAL of vanadium in these liquids was carried out for 10-20
min.
2.1.1 PLAL in DI-Water and SDS
Vanadium nanoparticles generated in water by PLAL are not stable (this will be dis-
cussed further in section 2.2.2). SDS was used to stabilize vanadium nanoparticles in
water. SDS is an ionic surfactant. It stabilizes vanadium nanoparticles in DI-water by
creating a water repealing layer. SDS has hydrophilic head and hydrophobic tail as
shown in Figure 2.3 (a). The hydrophilic head attaches itself on the surface of vanadi-
um, while the hydrophobic tail is directed out ward creating a repellant layer as shown
in Figure 2.3 (c).  The presence of SDS in the solvent will  minimize the interaction of
water with the metal surface, thus slowing down the rate of oxidation and solubility.
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Figure 2.3  (a) Structural representation of sodium dodecyl sulfate (SDS) NaC12H25SO4,
(b) Representation of SDS with a tail and head (c) Schematic representation of SDS as a
protecting layer, where the hydrophilic head attaches on the surface of vanadium and
the hydrophobic tail creates a shielding from water.
SDS as stabilizer for vanadium nanoparticles was investigated with concentra-
tions of 10, 1, 0.5,0.1, and 0.01 mM. The ablation was carried out for 10 min by follow-
ing the same procedure as presented in the introduction section of this chapter. After
ablation, the sample was transferred in to an air tight container (snap seal vial). The ob-
served initial color of the liquid just after ablation is in the range of dark to light gray
based on the concentration of the ablated particles. High concentration of ablated parti-
cles produced dark gray solutions. The SDS concentration influenced the production
rate of the nanoparticles. As the concentration of SDS was increased the color of the
sample became light gray indicating less production rate of vanadium nanoparticles.
The lower ablation rate is a result of SDS tendency to produce gas bubbles in the liquid
and on the target surface. As a result, laser light will be scattered before reaching the
target surface, and the effective laser power is reduced.
After a day, the samples with SDS concentration below 0.5 mM changed from
the initial light gray to colorless. Solutions with concentration higher than 0.5 mM of
SDS slowed the rate of reaction for a week. After a week, the gray color gradually
changed to colorless.
After 15 min of ablation, a sample was prepared on silicon substrate by drop cast
method from 0.5 mM of SDS for SEM analysis and for another SEM sample after 20
hours. As shown in Figure 2.4 and from visual observation, SDS concentrations above
0.5 mM preserved the particles for one week.
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Figure 2.4 (a) SEM image taken after 15 min of PLAL from 0.5 mM of SDS sample (b)
SEM image taken after 20 hours from the same sample. Vanadium nanoparticles were
stable in 0.5 mM for one week.
2.1.2 PLAL in Organic Solvents
Organic solvents used in the experiments were ethanol, 2-propanol, acetone, acetonitrile
and pyridine. These solvent are classified in two categories: polar protic solvents and
polar aprotic solvents. Solvents such as ethanol and 2-propanol are classified as polar
protic while solvents such as acetone, pyridine and acetonitrile are classified as polar
aprotic solvent.
It was found vanadium nanoparticles are stable in polar aprotic solvents (ace-
tone, pyridine and acetonitrile) for more than a month. The color or the samples after
ablation in these solvents is dark gray indicating high production rate. In the case of
polar protic solvents (ethanol and 2-propanol), the particles were stable for one month
only. The color changed from dark gray to colorless slowly after a month of aging indi-
cating slow oxidation reaction.
Figure 2.5 (a) Particles formed after a month of aging in ethanol, (b) Particles formed
after two days of aging in 3.2ml of ethanol and 0.3ml of DI-water mixture. Because of
further reactions the particles were not stable in ethanol.
Vanadium nanoparticles in alcohol showed oxidation due to the presence of wa-
ter. Thus, by increasing the amount of water by a small portion (approximately 8 % i.e
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0.3 ml H2O and 3.2 ml of ethanol) it was possible to increase the rate of oxidation and
nanoparticles with lower stability were formed as shown in Figure 2.5.
2.2 PLAL for Production of Vanadium Oxide in Di-Water
PLAL was carried out in DI-water to study direct production of vanadium oxide. Before
ablation,  the  weight  of  the  target  was  (72454±3)*10-5 g. After 10 minutes of ablation
the weight of the target had lowered by (13±4)*10-5 g. The rate of production in this
experiment was (1.0±0.4)*10-5 g/min.
Figure 2.6  Development of the absorption during 12 hours following the preparation of
the sample in DI-water.  Each individual spectrum measurement shows change within
30 minutes intervals. Arrow 1 indicates the changes during the first 7 hours. In the first
4 hours the change is slow and after 4૚
૛
hours the change is pronounced. Arrow 2 indi-
cates changes after the nanoparticles have dissolved and the increase toward a stable
state.
After ablation, the sample was kept in an open acrylic cuvette to monitor the
changes in the optical spectra for 12 hours and the resulting spectra are shown in Figure
2.6. The initial measurement shows a broad beak at around 450 nm which is absorption
peak of vanadium nanoparticles. Slowly, the absorption peak deceased to lower wave-
length as shown by arrow 1, and each individual spectrum is taken within a 30 min in-
terval. After 7 hours the broad absorption peak has disappeared. This slow disappear-
ance of the peak is related to conversion of vanadium nanoparticles in to ions.  As the
optical spectroscopy shows the main reaction takes within 4-6 hours. The color of the
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solution changed from gray to light yellow which might indicate formation of
[VO2(H2O)4]+ ions. The SEM image as shown in Figure 2.7 also shows non-existence of
nanoparticles.
Figure 2.7  (a) SEM image after 15min of ablation indicates the presence of vanadium
nanoparticles, (b) and (c) SEM image taken after 4 days of aging indicates the vanadi-
um nanoparticles have dissolved in DI-water.
The samples were studied by Raman spectroscopy withing 4-5 hours of aging.
The Raman spectrum indicates presence of V2O3.  To support the experimental findings
the result was compared to the thermodynamics of V-H2O  at  25℃ by Kelshall et al.
[123] and as shown in Figure 2.8, the red line indicates vanadium concentration
achieved by PLAL in this experiment.
log(ܸ) = 	−݈݋݃ ඌ ݉݋݈݁ݏ	݋݂	ݐℎ݁	ݏ݋݈ݑݐ݁
݈݅ݐ݁ݎݏ	݋݂	ݐℎ݁	ݏ݋݈ݑݐ݅݋݊
ඐ = − log(0.0007) = 3
(ܹℎ݁ݎ݁, ݉݋݈݁ݏ	݋݂	ݐℎ݁	ݏ݋݈ݑݐ݁ = ௠௔௦௦	௢௙	௧௛௘	௦௨௕௦௧௔௡௖௘
௠௢௟௔௥	௠௔௦௦
= ଴.଴଴଴ଵଶ଻௚
ହ଴.ଽସ	௚ ௠௢௟ൗ
ܽ݊݀	݈݅ݐ݁ݎݏ	݋݂	ݐℎ݁	ݏ݋݈ݑݐ݅݋݊ = 0.0035	ܮ)
According to Kelshall et al. VO and V2O3 could exist at neutral pH, with V2O3 as
the dominating oxide. Possibility of synthesizing V2O3 by  controlling  the  aging  time
needs further investigation. Based on Figure 2.8 (c) and Figure 1.13, VO2 and V2O5 are
challenging to synthesize within this production rate and pH. For production of the most
stable oxide (V2O5) the concentration should be nearly 20 times higher than the produc-
tion of this work and additional pH adjustment is needed. For VO2 synthesis, the opti-
mal pH value is 5 as shown in Figure 2.8 (c). However, because of the lower stability of
VO2 (like VO and V2O3) it will most probably not stable, at least in a water based sol-
vent.
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Figure 2.8  Thermodynamics of vanadium in water at 25	℃ (a)VO,(b)V2O3 (c)V2O4,
shaded area indicate existence of oxide particles, the red line is the experimental con-
centration found in this experiment by PLAL [123]
2.3 PLAL for Production of VOX
Oxide stability in a solvent can be controlled by adjusting the pH of the solvent. Acids
such as H2SO4, HNO3 or HClO4 can be used, but the presence of these acids can also
initiate side reactions which will compromise the quality of the final product. One ex-
ample of a side reaction using an acid is shown for H2SO4 in Figure 1.15. In the pres-
ence of H2SO4 in addition to V2O5 there will be products such as [H2VO4]-, [H3VO4]-,
[HSO4], VO2+, [VO2]+. Characterization of such samples by Raman spectrometry will
be challenging due to overlap of the peaks of the different products.
Acids in the solvent have a dual purpose,  adjusting of the pH and acting as an
oxidizing agent. Acids with good oxidizing properties (for example HClO4) are prefera-
ble to speed up the oxidation process. However, if the acids remain in the product it will
have corrosive properties during further application. Moreover, zeta potential and the
stability of the particles depend on the pH. Therefore, experiments with acidic solvents
have been restricted.  Instead, to stabilize the oxides mixed solvents of polar protic and
polar aprotic solvents have been used.
2.3.1 PLAL for Production of VOX in DI-water-Acetone Mixtures
The solvent was prepared in such a way that the polar protic solvent acts as an oxidizer
and the polar aprotic solvent acts as a stabilizer. For this purpose, water was used as a
slow oxidizing agent and acetone as a good stabilizer. The solvent was prepared in the
ratio of 9 % of water with 91% of acetone. That is, 3.2 ml of acetone with 0.3 ml of wa-
ter was mixed using sonication for 10 min, and then transferred to quartz cuvette where
the ablation of vanadium took place for 20 min. After ablation, the mixture was trans-
ferred into an air tight snap seal vial and stirred again by sonication for 10 min to dis-
perse the nanoparticles uniformly throughout the solvent. Finally, the sample was kept
for a month at room temperature.
During the one month of aging a slow reaction took place which was observed
as  a  change  of  the  color  of  the  solution.  In  the  first  week  the  dark  gray  color  slowly
changed to light gray. In the second week it becomes colorless. In the third week it
turned to slightly yellow. In the fourth week it turned to green and particles started to
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precipitate. The Raman spectrum taken for a one month old sample that was dried on a
steel substrate is shown in Figure 2.9.
Figure 2.9  Raman spectrum of a one month old sample of VOX prepared by ablation in
0.3ml of water and 3.2 ml of acetone
After five months the particles have kept the green color as shown in Figure
2.10.
Figure 2.10  A close up photo of snap seal vial containing green precipitate in a solvent
of acetone water mixture, picture taken from a five month old sample.
TEM images of the samples are shown in Figure 2.11. The precipitated particles
look like narrow plates with variable dimension between 10 nm-25 nm and a length of
hundreds of nanometers.
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Figure 2.11 (a) TEM image of VOX precipitated after one month (b) TEM image showing
the shape of a single VOX particle (c) TEM image of a 535 nm VOx with variable width
between 10 nm-25 nm
2.3.2 PLAL for Production of VOX in Water-Acetonitrile Mixtures
A similar ablation experiment in a mixed solvent to control the stability of the oxide has
been done. The pH of water was adjusted to 5 by addition of oxalic acid. The water so-
lution was prepared by dissolving 0.12 g of anhydrous oxalic acid in 3.5 ml of water and
the solvent was diluted until pH 5. Litmus paper has been used to measure the pH of the
solution.
The solvent for ablation was prepared by mixing 3.15 ml of acetonitrile with
0.35 ml of the acidified water (pH 5).  This solution was then stirred by sonication for
10min. Then, ablation was carried out for 20 min. After ablation, the solution was trans-
ferred  in  to  a  snap  seal  vial.  Nanoparticles  were  dispersed  throughout  the  solvent  by
sonication for 10 min. Finally, the mixture has been aged for a month.
Figure 2.12 A close up photo of a snap seal vial containing orange color precipitate in a
solvent of acetonitrile and acidified water at pH 5, picture taken from a 5 month old
sample.
As shown in Figure 2.12, after a month the sample has produced precipitate par-
ticles with orange color. During characterization by Raman spectroscopy, laser heat
transforms the particles color from orange to green. This might be due the presence of
oxalic acid which is acting as reducing agent. The particles in the solvent might be in a
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meta-stable state. The composition comparison between the DI-water–acetone solvent
mixture and the acidified water-acetonitrile solvent mixture after laser heating has pro-
duced similar spectrum between 400 and 800 cm-1as shown in Figure 2.13. At this stage
of the experiment it is hard to come up with conclusive result. The experiment needs
further characterization.
Figure 2.13 Raman spectrum comparison of acetonitrile-Oxalic acid and aceton-DI wa-
ter. Despite difference in the solvent the heated particles from the acetonitrile oxalic
acid solvent share some common oxide features with the acetone- DI water precipitate
particles.
2.4 Reactive PLAL for Production of VO2
As described in section 2.2.3 (PLAL for production of VOX) the production of a stoi-
chiometrically defined vanadium oxide is challenging by the PLAL. Production of VO2
is particularly challenging because of its dependence on many parameters such as pH,
pressure, concentration and temperature.
In this experiment production of VO2 by a reactive PLAL in 30% hydrogen per-
oxide (H2O2)  and  post  annealing  treatment  was  studied.  H2O2 is used for several rea-
sons. First, it enables control of pH as shown in Figure 2.14. For instance, 30% H2O2
solution has a pH of approximately 5 which is close to the pH range where VO2 is sta-
ble. Second, it is a good oxidizing agent. Third, it increases vanadium concentration in
the solvent by etching the target. Fourth, it acts as a reducing agent in the vacuum an-
nealing process. During decomposition of H2O2,  H2 will be adsorbed (intercalation)
within  the  Xerogel  (V2O5.nH2O) due to the high affinity of vanadium for hydrogen.
This adsorbed hydrogen will then act as a reducing agent in the annealing process. Fifth,
the produced oxide is pure from impurities. The drawback of using H2O2 is  it  will  be
challenging to produce uniformly distributed nanoparticles unless a template based dep-
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osition methods are used; like nanoporous silicate glass as a matrices or hydrophilic
polycarbonate membrane.
Figure 2.14 H2O2 pH variation based on concentration change
The experimental procedure is as follows: mass of the target was measured be-
fore and after ablation. The mass difference after ablation in 30 % of H2O2 is found to
be 0.04389 g. 3.5 ml of 30 % H2O2 was measured in quartz cuvette and ablation was
carried out for 20 min. During ablation because of the oxidative nature of H2O2 the solu-
tion turned yellow within 1-3 min. The same procedure was repeated twice to produce 7
ml of the solution. After ablation, the solutions were mixed in a 25 ml beaker. Starting
at 63 ℃ the solution was heated in ultrasonic bath with a heating rate of approximately
଴.ଵଶ℃
௠௜௡
 for  30  min.  During  the  heating,  the  solution  color  changed  from  yellow  to  red
within 17 min, after 10 min to muddy orange. Heating was stopped after 1 min (28 min
total) with yellow solution and some brawn clusters at the bottom.
Figure 2.15 Color changes observed within 30 min during heating in ultrasonic bath 1)
the initial color of the reactive PLAL product 2) color change observed after 17 min of
heating 3) red color disappear within 10 min 4) heating stopped
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After ultrasonic bath heating the solution was cooled to room temperature and
kept in an open beaker to age for a week in to dark red gel as shown in the Figure 2.16.
Figure 2.16 A dark red gel formed after a week of aging (V2O5.nH2O)
The dark red gel was drop casted on a steel substrate and heated in oven at
300℃ for 1 hour to remove excess water. After cooling to room temperature in the ov-
en, the sample was transferred to annealing in a low vacuum chamber (10 -5 bar). The
annealing was carried at 750	℃ for 2 h with a heating rate of 20	℃/min. After annealing,
it was cooled to room temperature in the oven. As shown in Figure 2.17 the sample col-
or changed from orange to grey.
Figure 2.17 (a) photo captured from dried sample on steel substrate after drying at
300	℃ in air (b) after annealing in a vacuum chamber at 750	℃
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Raman spectrum was measured before and after drying at 300	℃ reviled for-
mation  of  V2O5.nH2O. As shown in Figure 2.18, the Raman signal intensity has in-
creased after drying due to the removal of water.
Figure 2.18(a) Raman signal from the sample before drying shows the spectrum of
V2O5.nH2O (b) After drying at 300	℃ the spectrum of V2O5
As reported by Hibino et al. [124] V2O5.nH2O can be synthesized by dissolving
V2O5 in H2O2. The same can be achieved by dissolving V in H2O2 [125]. According to
Alonso  et  al.  [125]  dissolution  of  oxides  into  H2O2 produces unstable diperoxo
[VO(O2)2]- which then dissociate to monoperoxo [VO(O2)]+ and vanadate. After “a few
hours” decavanadic acid [HnV10O28](6-n) is  produced. The decavanadic acid slowly dis-
sociates and undergoes polymerization to produce V2O5.nH2O gels. According to Fon-
tenot et al. [126] if the ratio of H2O2 to Vanadium is high more of diperoxo species are
formed.
In this experiment the solution turned yellow within 1 to 3 minutes of the start-
ing of the ablation which indicates the formation of diperoxo. During heating of the
sample in an ultrasonic bath the color changed to red which indicates disappearance of
diperoxo. The solution slowly turned to yellow while [VO2]+ and [H2V10O28]4- formed.
During aging a condensation reaction takes place and the concentration of decavandic
acid decreases and finally V2O5.nH2O (xerogel) is formed. The reaction path is shown
in Figure 2.19, which is drawn based on the experiment comparison with theoretical
references. To confirm the reaction path further Raman studies at each step is required.
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Figure 2.19 Step wise reaction during the interaction of vanadium in the presence of 30
% H2O2. The figure shows only the main products in each step.
A step wise reduction path also occurs during the vacuum annealing process in
the  order  of  V2O5 → V3O7 → V4O9→ V6O13→VO2 [127]. Wang et al. reported a one-
step annealing to convert  V2O5.nH2O to VO2. In this experiment a one-step annealing,
similar to Wang et al. [83], has been used with the exception of different vacuum pres-
sure. The annealing procedure was carried on in a low vacuum chamber (10-5 bar).
The formation of VO2 and its phase transition was characterized by Raman
Spectroscopy. As shown in Figure 2.20 at room temperature the Raman spectrum con-
firms  the  formation  of  VO2. To check the transition from semiconductor to metallic
phase the Raman spectrum was used; while the sample was heated (during the meas-
urement). To adjust the temperature the sample was mounted on top of a heater (which
works by the Peltier effect). As the temperature was increased the VO2 changed from
semiconductor to metallic phase. The phase transition is confirmed by the disappearance
of the Raman signal as shown in the Figure 2.21. Cooling the sample back to room tem-
perature was followed by reappearance of the Raman spectrum of VO2. The experi-
mental setup was unreliable to measure the actual temperature on the sample surface.
Therefore, the exact critical temperature was not determined.
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Figure 2.20(a) Raman spectroscopy of VO2 obtained after reduction of V2O5.nH2O in
vacuum (b) Raman reference spectrum of VO2 copyrighted and reprinted from [128]
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Figure 2.21 Raman spectroscopy of VO2 measured at different temperature to confirm
the existence of phase transition from semiconductor to metallic (a) Raman spectrum at
room temperature (23	℃ ) shows existence of VO2 (b) at 75	℃ the VO2 peaks have dis-
appeared due to the phase transition to metallic phase. (c) after cooling back to 36	℃
the VO2 peaks starts to reappear.
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3. CONCLUSION
This thesis investigated methods to produce vanadium oxide nanoparticles by PLAL.
PLAL is an environmentally friendly method for generating nanoparticles in the solvent.
In PLAL airborne particles are not an issue for work safety.
In  the  experiment  it  was  possible  to  produce  VO2, fiber like nanoparticles of
VOX and pure metallic vanadium nanoparticles. The products were characterized by
SEM, TEM, optical spectroscopy and Raman spectrometry.
Due to the existence of vanadium in different oxidation states production of spe-
cific oxide require optimization of reaction conditions such as concentration, pH, tem-
perature and pressure. In the experiment special emphasis was devoted for fabrication of
VO2 because of its near room temperature phase transition from the semiconductor to
the metal phase. To produce VO2 it was important to adjust the pH of the solution be-
tween 4 and 6 with an oxidizing acid. However, common oxidizing acids such as H2SO4
and HNO3 add impurities and cause side reactions. To avoid this, great care was taken
in the preparation and selection of liquid mixtures.
Production of pure VO2 was achieved by using 30 % H2O2 both as an oxidizing
agent  and  for  pH  control.  The  reaction  of  V  with  H2O2 leads to the formation of
V2O5.nH2O under atmospheric pressure. To reduce V2O5.nH2O to VO2 the samples
were dried at 300	℃ and then annealed at 750	℃ for 2 hours in a vacuum chamber (10-
5bar). The characterization of the samples by Raman spectroscopy showed VO2 was
formed and the samples exhibit the phase transition.
Metallic vanadium nanoparticles were successfully stabilized in polar aprotic
solvents (acetone, pyridine and acetonitrile). The metallic vanadium nanoparticles can
be used to fabricate the desired oxides by annealing at specific temperature and pres-
sure. This route of producing vanadium oxides offers a possible topic for future studies.
In an attempt to directly produce vanadium oxides in solutions, experiment were
carried out in liquids such as acetone-water mixture and acetonitrile-acidified water
mixtures; with a ratio of 9% of water as an oxidizing agent. It was possible to oxidize
the metallic vanadium nanoparticles in these liquid mixtures but it was challenging to
control the stoichiometry of the oxide (VOx).
Nanoparticles produced in DI-water were found to slowly convert to VO2+ ions
within few hours. The intermediate products were measured by Raman spectroscopy
and found to be V2O3. Controlled production of V2O3 and methods of converting VO2+
to VO2 are topics for future studies.
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APPENDIX 1: PHASE COMPOSITION
Compostion of the
samples
Temperature of
preparation and
quenching
Appearance of the
samples
Phases observed
VO1.07 ~900℃ Dark or Medium gray
powder
VO
VO1.15 ~900℃ Dark or Medium gray
powder
VO
VO1.20 ~900℃ Dark or Medium gray VO
VO1.25 ~900℃ Dark or Medium gray VO(+V2O3)
VO1.35 ~900℃ Dark or Medium gray V2O3(+VO)
VO1.45 ~900℃ Dark or Medium gray V2O3(+VO)
VO1.55 ~900℃ Grayish powder V2O3
VO1.55 ~900℃ Grayish powder V2O3(+VO1.67)
VO1.65 ~900℃ Grayish powder VO1.67(+V2O3)
VO1.67 ~900℃ Dark gray powder or
very small crystals
VO1.67
VO1.72 ~900℃ Dark gray powder or
very small crystals
VO1.75+ VO1.67
VO1.75 ~900℃ Dark lustrous powder
or aggregate of very
small crystals
VO1.75
VO1.77 ~900℃ Dark lustrous powder
or aggregate of very
small crystals
VO1.75+ VO1.80
VO1.80 ~900℃ Nearly black lustrous
powder or aggregate
of small crystals
VO1.80
VO1.82 ~900℃ Nearly black lustrous
powder or aggregate
of small crystals
VO1.80+VO1.84
VO1.84 ~900℃ Lustrous powder or
aggregate of blue
black crystals
VO1.84
VO1.86 ~900℃ Lustrous powder or
aggregate of blue
black crystals
VO1.84+VO1.84
VO1.88 ~900℃ Strongly lustrous blue
black powder or very
small
VO1.86
VO1.92 ~900℃ Strongly lustrous blue
black powder or very
small crystals
VO2+VO1.87
VO2.00 ~900℃ Needle or rodshaped VO2
62
blue black crystals
VO2.15 ≥700℃ Needle or rodshaped
blue black crystals
VO2(+V2O5)
VO2.30 ≥700℃ Needle or rodshaped
blue black crystals
V2O5 + VO2
VO2.10 ~650℃ Needle or rodshaped
blue black crystals
VO2+V6O13
VO2.17 ~650℃ Black lustrous pow-
der or small crystals
V6O13
VO2.25 ~650℃ Black lustrous pow-
der or small crystals
V6O13 +V2O5
VO2.50 ~650℃ Brownish yellow
powder or brownish
crystals
V2O5
